Macrotetrolide, a miticide consisting of tetranactin, trinactin, and dinactin, was readily biodegradable and hence did not accumulate in soil. [ U-'4C]macrotetrolide was rapidly degraded via its constituent hydroxycarboxylic acids to carbon dioxide and water. In culture media, however, the mixture was hydrolyzed to homononactic and nonactic acids by three strains of Bacillus sp. and two of Micrococcus sp. The latter strains were able to hydrolyze 500 ,ug of the antibiotic per ml within a few days and to grow in the presence of 4 ,000 jig of the antibiotic per ml. However, they were unable to assimilate the constituent acids which accumulated in the culture medium.
The use of large volumes of pesticides in advanced agriculture is a major ecological hazard since many of these materials persist in soil for a long time and thus exert their toxic effect on the environment. The desirable pesticides therefore are those which are highly selective and readily biodegradable to nontoxic products. This matter is of particular importance to Japan, where the application of pesticides per area is the highest in the world.
Macrotetrolide, an antibiotic mixture (1, 2, 5, 6) composed of five parts tetranactin, four parts trinactin and one part dinactin, has been used to control mites on tea and other plants in Japan (7) . Tetranactin consists of four homononactic acids, trinactin consists of three homononactic acids and one nonactic acid, and dinactin consists of two homononactic acids and two nonactic acids (3) (see Fig. 6 ).
In this paper, the metabolic degradation of a macrotetrolide antibiotic in soil is described.
MATERIALS AND METHODS
Radioactive macrotetrolide antibiotic mixture. Macrotetrolide antibiotic mixture (MAM) labeled with "C was obtained from the fermented broth of Streptomyces aureus strain S-3466 containing [U-'4C]glucose as a carbon source (2) . The specific activity of the mixture was 118 ,iCi/mmol with a <99% radioactive purity.
Isolation and growth of microorganisms decomposing the macrotetrolide. The nutrient agar consisted (weight/volume) of 0.17% beef extract, 0.5% peptone, 0.17% NaCl, 0.17% KH2PO4, and 1.5% agar, adjusted to pH 7.0. Because of its insolubility in water, an acetone solution of MAM (final concentration, 500 ,ug/ml) was added to hot nutrient agar and thoroughly mixed, forming an opalescent gel; the mixture was placed in a petri dish. Approximately 1 g of soil from each of 10 samples was suspended in 10 ml of sterilized water and shaken vigorously. From each suspension a loopful was streaked onto two petri dishes and incubated for 2 weeks; one culture was grown at 28°C, and the other was grown at 37°C. The microorganisms that formed a clear halo around the colony were selected. They were grown in a liquid medium consisting (weight/volume) of 0.5% beef extract, 1.5% peptone, 0.5% KH2PO4, and 0.5% NaCl (pH 7.0) supplemented with 50 to 500, ig of MAM per ml under aerobic conditions. The residual MAM was measured by the method previously reported (8) .
Isolation of degradation products. In a preliminary test, Micrococcus sp. strain 5 column with benzene-acetone (9:1) and subjected to gas chromatography. A Shimazu GC-6AM gas chromatograph with dual flame ionization detectors was used, with a chart speed of 1 cm/min, an oven temperature of 120°C, and the following gas flow rates: hydrogen, 50 ml/min; air, 1,000 ml/min; and carrier gas (nitrogen), 40 ml/min. The column (0.4 by 100 cm) was of U-shaped glass tubing packed with 2% QF-1 on Chromosorb W. The methyl esters were also measured by a gas chromatograph-mass spectrometer (Shimazu LKB-9000), a nuclear magnetic resonance spectrometer (Hitachi R-20A), and an infrared spectrometer (Hitachi 285).
Degradation products of MAM in shake cultures of the bacteria. Micrococcus sp. strain 5 was grown in 100 ml of the medium containing 5 mg of "4C-MAM (1.76 x 106 dpm) at 28°C for 3 days in a 500-ml Sakaguchi flask. The fermented beer was centrifuged at 6,000 rpm for 30 min, and the supernatant was adjusted to pH 2.0 and extracted with ethyl acetate. Radioactivities of the bacterial cells, ethyl acetate extract, and the residual aqueous layer were measured by a liquid scintillation spectrometer (Nuclear-Chicago Mark II). Radioactive metabolites on TLC were confirmed with a TLC radioactive scanner (Aloka TRMIB) and radioautography. The radioactive spot was scraped off of the TLC plate, and the radioactivity was measured. The scintillator was composed of 7 g of 2,5-diphenyloxazole, 0.3 g of 1,4-bis-(5-phenyloxazolyl)benzene, and 100 g of naphthalene in 1,000 ml of dioxane.
Degradation of MAM in soil. A dry soil sample (200 g) obtained at Kitamoto, Saitama, Japan, was placed in each 300-ml beaker. Water was added until the soil moisture reached 60% of the maximum waterholding capacity, and the soil was incubated at 28°C in the dark for 1 week.
Labeled MAM (2.31 x 105 dpm) was dissolved in 0.5 ml of acetone, mixed thoroughly with the preincubated dry soil (final concentration, 3.5,g of MAMacetone per g of dry soil), and incubated under the conditions described above for 33 days. The moisture was maintained at the initial level throughout. The soil was then extracted twice with a mixture of 600 ml of acetonitrile and 100 ml of water, the acetonitrile was removed by evaporation in vacuo, and the residue was extracted twice with 50 ml of ethyl acetate. Samples of the ethyl acetate and aqueous layers were assayed for radioactivity. The soil was further extracted with a mixture consisting of 200 ml of 0.5 N HCI and 600 ml of acetonitrile, and the extract was treated as described above. The neutral and acidic extracts were subjected to TLC analysis. Radioactive carbon dioxide liberated from the soil was measured as described previously (4 (Fig. 1) and up to 85, 70, and 50% of the MAM at 1,000, 2,000, and 4,000 ,ug/ml, respectively, in 120 h.
Identification of degradation products.
The ethyl acetate extract of the culture filtrate of Micrococcus sp. strain 5 was chromatographed on a silica gel column and methylated by diazomethane. The methyl esters of unknown metabolites were subjected to TLC, gas chromatography, and gas chromatography-linked mass spectrometry (Fig. 2, 3, and 4) . The main methyl ester of the isolated acid from the fermented broth was identified by its Rf value on silica gel TLC, retention time in gas chromatography, and the fragmentation pattern by gas chromatography-linked mass spectrometry as homononactic acid methylester, C12H2204. Infrared and protein magnetic resonance spectra of the unknown acid were: infrared (KBr), 3,430, 1,725 cm-'; protein magnetic resonance (CDCl3), Methylated stereoisomers of homononactic and nonactic acids were identified by gas chromatography-linked mass spectrometry as follows ( When Micrococcus sp. strain 5 was cultured in the presence of 14C-MAM, more than 99% of the radioactivity was recovered in the filtrate, and the products were identified as homononactic and nonactic acids (Table 1 and Fragmentation pattern of homononactic acid methyl ester. Methylated alkaline hydrolysate was subjected to gas chromatography-linked mass spectrometry, and (+)-and (-)-homononactic acid methyl esters were obtained from gas chromatograph peak 1. o (3) e*i2 Micrococcus sp. strain 5 was able to hydrolyze the ester bonds of MAM but unable to metabolize the resulting homononactic and nonactic acids. Degradation of MAM in soil. The degradation rates of '4C-MAM (Fig. 5) indicate that MAM was first degraded to its constituent acids, which in turn were oxidized to C02 and water. The degradation pathway of MAM by soil microorganisms is summarized in Fig. 6 .
The attempt to select soil microorganisms to degrade homononactic and nonactic acids which do not possess antimicrobial activity has not succeeded. However, MAM degradation in soil (Fig. 5) suggests that two kinds of microorganisms participated in the decomposition since C02 was produced only when appreciable amounts of the constituent acids had accumulated in the soil. This idea is further supported by the fact that the isolated bacteria able to Residual aqueous layer 10,750 0.6 after ethyl acetate extraction a The culture broth (0.5 ml) was filtered through a glass microfiber filter (Whatman) and washed with water. Radioactivity of the cell on the glass microfiber filter was measured with a liquid scintillation counter. Micrococcus sp. strain 5 was grown in 100 ml of the medium containing 5 mg of '4C-MAM (1.76 x 10" dpm) at 28°C for 3 days in a 500-ml flask. hydrolyze the antibiotic were unable to assimilate the resultant homononactic and nonactic acids ( Table 1) . The macrotetrolide antibiotic is composed of structurally similar hydroxycarboxylic acids. This suggests that the degradation starts by opening a cyclic ester bond, resulting in a linear tetramer, and then proceeds stepwise to trimer, dimers and monomers. However, those polymers were detectable in neither the culture filtrate nor the bacterial cells. This indicates two alternative possibilities. The first one is that the opening of the macrocycic lactone is rate limiting, and, when it is opened, hydrolysis simultaneously proceeds to monomers. The second (less plausible) alternative is that simultaneous hydrolysis of four ester bonds results in monomers without forming the intermediate polymers.
The enzyme responsible for the hydrolysis is endocellular and inducible and has been obtained by sonication of the cell suspensions. All ofthe selected bacteria that produce this enzyme are gram-positive. Since most gram-positive bacteria are susceptible to the antibiotic, the elaboration of the enzyme may be interpreted as the defense mechanism against the action of the antibiotic.
The macrotetrolide antibiotic is sensitive to photodecomposition by sunlight. However, the major part of the antibiotic, once it is sprayed on the field, is symbiotically decomposed by soil microorganisms to C02 and H20 via the constituent acids. The ubiquitous distribution of microorganisms with antibiotic hydrolyzing ability strongly supports this assumption. 
